Abstract : Electrochemical oxidation of ethanol at nickel electrodes has been studied in 1 M KOH solution containing 0.20 M ethanol using electrochemical impedance spectroscopy. Equivalent circuits have been worked out by simulating the impedance data, and the results were used to model the oxidation of ethanol as well as the passivation of the electrode. The maximum rate of oxidation of Ni(OH) 2 to NiOOH was observed at about 0.37 V vs. Ag/AgCl reference electrode, while the maximum rate of ethanol oxidation at the Ni electrode was observed at about 0.42 V. The charge-transfer resistance for oxidation of the electrode itself became smaller in the presence of ethanol than in its absence. These results suggest that the β-Ni(OH) 2 /β-NiOOH redox couple is acting as an effective electron transfer mediator for ethanol oxidation. The kinetic parameters also were obtained by the experimental and simulated results.
Introduction
Ethanol is oxidized to acetic acid via acetaldehyde at nickel electrodes. 1 Most of the acetaldehyde is oxidized to acetic acid because the rate of oxidation of acetaldehyde is faster than that of ethanol. The oxidation reaction of organic compounds with oxides of higher valences is usually the rate-determining step. A redox couple of nickel, i.e., nickel hydroxide (Ni(OH) 2 ) and nickel oxyhydroxide (NiOOH), was shown to be involved in the oxidation of alcohol at nickel electrodes in alkaline media. 1 Anodic oxidation of nickel in alkaline media has been studied extensively for a better understanding of the passivation phenomena and charge/ discharge mechanism of nickel electrodes in batteries using various techniques such as the cyclic voltammetry, [2] [3] [4] [5] [6] in-situ spectroelectrochemical methods, 7, 8 X-ray studies, [9] [10] [11] [12] [13] and electrochemical impedance spectroscopy (EIS). [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Nickel is covered with a hydroxide/oxyhydroxide layer which is hydrated to a varying degree and whose stoichiometry and oxidation states depend on electrode potential and history. [2] [3] [4] 7, 8 At a potential close to the hydrogen equilibrium potential, highly hydrated nickel hydroxide, α-Ni(OH) 2 , in which water molecules form a disordered interlamellar layer, is formed. This compound transforms both with time and with increasing potentials to a less hydrated and more stable phase, β-Ni(OH) 2 . The basic electrochemical reaction at the nickel electrode involves the oxidation of β-nickel hydroxide (Ni(OH) 2 ) to β-nickel oxyhydroxide (NiOOH) on the passive film, but the chemistry can be further complicated by higher oxidation states, oxygen evolution, and the presence of different structural forms. The equivalent circuits simulated from the experimental impedance data were very complicated due to the complexity of the reaction.
The anodic oxidation of nickel in alkaline solutions has been modeled as porous electrodes in past studies with EIS. 15, 17, 18, [26] [27] [28] Various mathematical models were proposed for impedance responses of porous nickel electrodes. Chao et al. proposed the point defect model based on the movement of point defects in an electrostatic field for the growth behavior of a passive film on a metal surface. [26] [27] [28] They demonstrated that the reaction at the film/solution interface is predominant at high frequencies and, thus, a variety of semicircles can be observed in the complex impedance plane. At low frequencies, the transport of point defects in the passive film is rate controlling, and a Warburg-type impedance spectrum is predicted on a passive film of Ni in aqueous buffer systems. Lenhart et al. reported the transmission line model for semi-infinite cylindrical pores using the average of pore electrolytes and solid phase resistances. 15 In addition, Macdonald et al. suggested a nonuniform transmission line model that represents a single pore in a conical porous electrode by a nonuniform transmission line involving both nickel hydroxide and oxyhydroxide phases. 17, 18 The existing models do not completely satisfy the experimental data due to the assumptions made while setting up the models.
REVIEW
In our previous work, we found that the RuO 2 -modified Ni electrode was efficient for the oxidation of ethanol, and that nickel facilitated the electrooxidation of ethanol at thermally prepared RuO 2 -modified Ni electrodes in alkaline media. 29 Therefore, the impedance responses of the electrooxidation of ethanol as well as the passive films formed on the nickel electrode are important in understanding the mechanisms of a direct ethanol fuel cell (DEFC). In this work, we offer a detailed examination of the impedance responses of nickel hydroxide/ oxides reaction and electrooxidation of ethanol as a function of frequency and potential. The reactions of ethanol oxidation as well as the passivation of electrodes were modeled using equivalent circuits, and interpretations were made with the parameters used to fit the observed EIS behaviors.
Experimental
A nickel wire (Johnson Matthey, 99 .99%) with a diameter of 1.0 mm was used as a working electrode. Preparation of the nickel electrode was similar to that described in our previous work. 29 The working electrode was first polished with 3 µm alumina powder (Fisher Scientific), successively down to 1 µm, cleaned with ethanol, degreased with acetone, and finally washed with doubly distilled water in an ultrasonic bath (Cole Parmer 18001) for 30 min. The wire was partially sealed with a heat-shrinkable Teflon tubing, exposing only the active site. Doubly distilled water and reagent grade chemicals were used for the preparation of the solutions. Each solution was purged with nitrogen for 10 min before measurements.
Cyclic voltammetric experiments were carried out in a 1 M KOH solution containing 0.20 M ethanol at room temperature. The cyclic voltammograms (CVs) were recorded using an EG&G Princeton Applied Research (PAR) model 283 potentiostat/galvanostat, which was controlled by PAR 270 M electrochemistry software. The working electrode was prepared according to the above procedure and an Ag/AgCl (in saturated KCl) electrode was used as a reference electrode. A platinum spiral wire was used as a counter electrode. The reference electrode was separated from the KOH electrolyte solution by an incomplete seal through a platinum wire in a Pyrex glass tubing and was located close to the working electrode in the current path between working and counter electrodes.
The EIS experiments employed an EG&G model 283 potentiostat/galvanostat in conjunction with a Solartron SI 1255 HF Frequency Response Analyzer, which was driven by EG&G M398 electrochemical impedance software. The ac amplitude was 5 mV for all frequency ranges. The measurements were made at a rate of ten points per decade between 100 kHz and 0.01 Hz at a stationary electrode. Impedance spectra were measured in 1 M KOH after steady-state CVs were obtained.
For an analysis of impedance data, a software program, "Equivalent Circuit," provided through EG&G by University of Twente 30 was used. The program simulated a variety of electrical circuits to numerically fit the measured impedance data. The program, combined with the general nonlinear least squares fitting procedure, allowed us to construct equivalent circuits, whose simulated responses fit the measured data well. Details of circuit analysis using this program and their applications to the interpretation of electrode/electrolyte interfaces have been described elsewhere.
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Results
Impedance measurements for oxidation of nickel-A steadystate CV acquired at a nickel electrode in 1 M KOH is shown in Fig. 1 , which is in good agreement with those published in the literature. [3] [4] [5] [6] [7] [8] The anodic peak appeared at 0.40 V vs. Ag/AgCl and the cathodic peak at 0.27 V.
The electrochemical impedance spectra for the oxidation of nickel hydroxide to nickel oxyhydroxide in 1 M KOH were recorded between 0.24 and 0.47 V vs. Ag/AgCl at potentials marked on the CV shown in Fig. 1 . The potential was stepped anodically from 0.24 V to a point of interest and then an impedance spectrum was recorded. By graphical analysis and a complex nonlinear least squares (CNLS) fitting procedure, the equivalent circuits were derived from the simu-lation of the experimental data. All the parameters obtained from the simulation are listed in Table I .
The complex impedance spectra recorded at 0.24 and 0.28 V are shown in Fig. 2 . The R s component, which is 3.8±0.2 Ω, is the solution resistance obtained from the high frequency intercept on the real reactance axis. 34 The n value was 1.0 or close to 1.0 for constant phase elements (CPEs), Q 1 and Q 4 , both of which must be double layer capacitors. The equivalent circuit shown in Fig. 2b represents a faradaic reaction taking place at these potentials with a polarization resistance of R P , which is R 1 in the equivalent circuit shown. We believe that Q 2 is a double-layer capacitor developed in the inner pores in a frequency range not affected by the porosity of the passive film, while Q 1 is a double layer capacitor developed in the outer pores of the film. A Warburg component with an n value close to 0.5 (the element with a symbol Q 3 in the circuits) is observed in most of the potential ranges indicating that the kinetics of the oxidation process is limited by the diffusion of reactants inside the pores of the passive film. The low frequency capacitive (Q 4 ) and Warburg (Q 5 ) responses may be related to the intermediate species generated during the oxidation process and subsequently adsorbed on the electrode as well as diffusion-related components in outer pores, respectively. The reaction taking place at 0.24 V is most likely a mixed reaction of nickel hydroxide phase transformation from α to β and nickel hydroxide oxidation. Fig. 3 shows complex impedance spectra recorded at applied potentials between 0.32 and 0.42 V. With increasing anodic polarization, nickel oxyhydroxide is generated from nickel hydroxide. Generally, CPE Q 4 displays a pseudocapacitance response as the applied potential increases. The value of polarization resistance (R P =R 1 ) decreases as the potential increases to 0.37 V. A reasonably small R P value of 660 Ω is observed at 0.37 V. From then on, it increases again, suggesting that the electrode is passivated (Table I) . The complex impedance spectrum at 0.47 V is shown in Fig. 4 . Two continuous semicircles are shown in the equivalent circuit. This indicates that two separate faradaic reactions may take place at this potential. The semicircle at high frequencies (the R 1 -Q 2 parallel network in the equivalent circuit) is attributed to the oxidation while the second in the medium frequency region (the R 2 -Q 3 parallel network) may be due to the oxygen evolution reaction. The CPE Q 3 , which shows a Warburg-like behavior with n values of 0.48 and 0.54 at 0.38 and 0.42 V, respectively, changes to a double-layer capacitor with an n value of 1.00 at 0.47 V. From Table I , the inductor shown in the medium frequency range with an n value of -1.00 suggests that the rapid transformation of nickel oxyhydroxide to higher valence oxide in the oxygen evolution region is impeded by the inductive current flowing in the opposite direction. The CPE Q 2 is basically a double-layer capacitor with an n value of 0.81 in the high frequency region and Q 3 at medium frequencies shows either capacitive properties with large capacitance values or Warburg behaviors, depending on the potential applied. This suggests that the NiOOH film has large amounts of pores through which reactants diffuse in or a passive film acting as a capacitor, depending on the applied potential. The charge-transfer resistance of the second semicircle has a large value of 5817 Ω, suggesting that the oxygen evolution reaction requires a large overpotential. Fig. 5 shows typical Bode plots of the phase angle vs. log ω in 1 M KOH, where ω is the angular frequency (2πf) and the phase angle is the arc tangent of the ratio of the imaginary and real parts of the measured impedance. It is clear from this figure that the electrode reaction is made of more than one process in most cases.
A plot of current density (J) vs. overpotential (η) was obtained using the data listed in Table I and shown in Fig. 6 . The formal potential (E 0' ) for oxidation of Ni to its hydroxide was estimated by taking an average of the anodic and cathodic peak potentials. The current density was obtained from the overpotential applied and the polarization resistances listed in Table I . There are two regions as shown in this plot. The first region at less positive potentials should be due to the oxidation of nickel hydroxide to nickel oxyhydroxide, whereas the more positive region is characterized as the passivation process taking place due to further oxidation. While the CV in Fig. 1 shows the sum of all currents including nonfaradaic components as well as those from other processes, the J-η curve shown in Fig. 6 shows only the Faradaic current for oxidation of nickel. It is seen in Fig. 6 that the potential where the passivation starts is clearly shown.
The nonlinear least square regression between 0.24 and 0.37 V was used to evaluate kinetic parameters. The exchange current density, i 0 , for the rate limiting one-electron chargetransfer reaction (see reaction 1 below) was calculated to be 7.0×10 -5 A/cm 2 with a transfer coefficient (α) value of 0.25 
from the nonlinear fitting of the J-η plot according to the Butler-Volmer equation. 35 The irreversible shape of the CV shown in Fig. 1 supports that the α-value should deviate significantly from an ideal case of 0.50. Table II . The equivalent circuits were derived from the simulation of the experimental data. The simulated data fit well to the experimental data.
Impedance measurements for ethanol oxidation
The impedance spectrum recorded at 0.26 V is shown in Fig. 8 . In the potential range measured, the R S value was 3.9±0.1 Ω, which is practically the same as that obtained without ethanol. The two R-Q networks at this potential are shown in Fig. 8b . The high frequency response is the same as those of nickel oxidation at 0.24 and 0.28 V in 1 M KOH (see Fig. 2b ). The reaction taking place at 0.26 V is thus most likely a mixed one of nickel hydroxide and ethanol oxidation, as the potential applied here is well beyond the thermodynamic potential for ethanol oxidation. The low frequency spectra may thus result from the adsorption of intermediates during nickel hydroxide oxidation and ethanol. These responses were observed up to 0.30 V. Fig. 9 shows the impedance spectra recorded between 0.38 and 0.44 V. The impedance spectrum at 0.35 V is practically the same as the ones shown here except that the diameter of the depressed semicircle is larger. The polarization resistance, R 1 , at high frequencies decreases sharply with an increasing overpotential. The low frequency capacitive response (Q 2 ) may be related to the adsorbed intermediate species generated during the oxidation of ethanol. Thus, the diffusion process may limit the oxidation reaction of ethanol due to this adsorp- tion, and the CPE has an intermediate character (n=0.85) between a capacitor (n=1) and a Warburg response (n=0.5). The R P values increase above 0.42 V, which indicates that oxidation of ethanol above this potential is impeded by the passivation of NiOOH. β-NiOH is oxidized to higher oxidation states (i. e., Ni(IV)) in the oxygen evolution region. 8 This causes a considerable increase in the film thickness and a remarkable drop in the electronic conductivity of the film, as was shown by spectroelectrochemical 8 and ellipsometric experiments. 36 Also, the Ni(OH) 2 regenerated during ethanol oxidation would be accumulated on the electrode surface as the potential increases. Therefore, the polarization resistance would also be increased due to the decreasing electronic conductivity caused by Ni(OH) 2 at higher potential. 37, 41 The impedance spectra composed of three RC networks observed at 0.46 and 0.48 V are shown in Fig. 10 . Oxidation of nickel oxyhydroxide observed as was shown in Fig. 4 is not observed here. This suggests that the redox couple of β-Ni(OH) 2 /β-NiOOH is acting as an effective electron transfer mediator for ethanol oxidation. In this region, electrogenerated β-NiOOH is reduced to β-Ni(OH) 2 by ethanol oxidation. The third RC network may represent the oxygen evolution process. The CPE Q 3 is negative and shows a Warburg-like behavior with n values of 0.32 and 0.43.
Bode plots of the phase angles vs. log ω generally display two maxima between 0.26 and 0.35 V (not shown), indicating that there are two independent processes going on in this potential region. In the potential region where ethanol oxidation is efficient, the two processes merge into one, suggesting that the oxidation of ethanol by the electrogenerated NiOOH is very fast.
A plot of the current density vs. overpotential obtained using the data listed in Table II is shown in Fig. 11 . In the region of low anodic potentials, ethanol oxidation follows the Butler-Volmer relation, whereas the electrode is shown to be passivated beyond about η ≅ 1.37 V. A nonlinear least square regression between 0.35 and 0.42 V, which represents the data before passivation began, was used to evaluate the kinetic parameters of ethanol oxidation. The exchange current density, i 0 , obtained from the nonlinear least square regression for oxidation of ethanol) is determined to be 2.7×10 -19 A/cm 2 at the equilibrium potential, which is estimated to be -0.967 V vs. Ag/AgCl at the pH used in this work, [38] [39] [40] and the transfer coefficient, α, is 0.27. 
Discussion
Oxidation of nickel hydroxide -α-Ni(OH) 2 generated from nickel oxidation is known to slowly transform to β-Ni(OH) 2 . The β-Ni(OH) 2 is oxidized to β-phase oxyhydroxide at a relatively low anodic overpotential. [2] [3] [4] [5] [6] [7] [8] In the potential region of oxygen evolution, β-NiOOH is further oxidized to nickel(IV) oxide and other intermediate species on the surface. In the oxidation reaction of β-Ni(OH) 2 to β-NiOOH, proton insertion and de-insertion in the solid phase is the rate-determining step. 41 The proton diffusion coefficient is an important factor in this process. 3, 7, 42 The proton diffusion coefficient, D, has been reported to be 10 43 The D values vary with the potential of film formation and with the oxidation state of the nickel. We also estimated the diffusion coefficient from the equation, D = l 2 ·ω/5.12, proposed by Armstrong 44 and discussed by Mathias and Haas, 45 where ω is the angular frequency in the transition region of the complex impedance spectrum with a slope of -2.0 and l is the film thickness. The l-values of 13 nm 7 and 40 nm 42 yielded the proton diffusion coefficients of (4.7 ± 0.6) × 10 -14 and (4.4 ± 0.6) ×10 -13 cm 2 /s, respectively, at the ω-value of 0.125 and 0.158/s when the potential was stepped from 0.32 to 0.37 V. The large variations in diffusion coefficients of as large as five orders of magnitudes could have resulted from parameters taken into account during the measurements or estimations, including: various assumptions made; in-accuracies of experimental parameters such as l; variations in phases (α-,β-, or mixed) depending on the aging period after the hydroxide or oxides have been prepared; and different potential gradients between the two walls of the oxide/ hydroxide layer. The potential gradient should also affect the diffusion coefficient of the proton because of its high charge density. Therefore, the electron-transfer for reaction [1] must be fast but limited by proton diffusion; the Warburg response (Q 3 ) observed in Fig. 3b and d supports this.
Simple equivalent RC circuits were used in the simulation of most of the electrochemical interfaces for nickel oxidation in earlier studies. 15, 16, 19, 23 However, these circuits are not suitable for explaining the complex nickel oxidation process. We constructed expanded equivalent circuits in our current work to simulate our experimental data, which explain our experimental data rather well. These expanded equivalent circuits consist of one RC network and appropriate combination of various other components.
Oxidation of ethanol at oxide films -The ethanol oxidation mechanism at the Ni electrode in alkaline media has been proposed by Fleishmann et al. 1 The proposed mechanism may be summarized as following: 
The conversion of ethanol to acetic acid was reported to be 98%. 1, 46 Therefore, we also assumed that ethanol is completely oxidized to acetic acid at the nickel electrode. The exchange current density is very small at 2.7×10 -19 A/cm 2 . This is because the oxidation potential of the nickel hydroxide/ oxyhydroxide redox couple is too far away from that of thermodynamic potential of ethanol oxidation, -0.967 V vs. the Ag/AgCl electrode. The ethanol is not oxidized until nickel hydroxide undergoes oxidation. For this reason, the α-value for the oxidation of ethanol is practically the same as that for nickel oxidation. In other words, the activation barrier for the alcohol oxidation is essentially the same as that for nickel oxidation. The only kinetic parameter that is different between these two oxidation systems is the exchange current, indicating that alcohol is oxidized only after nickel hydroxide is oxidized. This also indicates that the rate limiting step for alcohol oxidation at the nickel electrode is the oxidation of nickel hydroxide to a higher valance oxides/oxyhydroxide. Therefore, the nickel electrode is regarded as a good electrocatalyst for the electrooxidation of ethanol.
Conclusion
The electrochemical oxidation of nickel hydroxide in 1 M KOH was first studied between 0.24 and 0.47 V vs. Ag/AgCl by electrochemical impedance spectroscopy. The maximum rate of oxidation takes place at 0.37 V, represented by the minimum R P value and the passivation of the electrode starts at a more positive potential. Nickel hydroxide/oxyhydroxide/ oxide transitions were observed at more positive potentials. The exchange current for the nickel hydroxide/nickel oxyhydroxide transition was estimated to be 7.0°ø10 -5 A/cm 2 with an α value of 0.25.
The electrochemical oxidation of ethanol in 1 M KOH containing 0.20 M ethanol was studied next between 0.26 and 0.48 V vs. Ag/AgCl. The sizable oxidation current for ethanol occurred at a potential more positive than 0.35 V. The maximum rate of oxidation of ethanol was observed at 0.42 V, represented by the minimum R P value and the oxidation of ethanol is limited by the diffusion of adsorbed intermediates. Our results indicate that the rate limiting step for alcohol oxidation is the oxidation of nickel itself. This result suggests that finding a metal electrode undergoing oxidation at less anodic potentials and yet capable of mediating organic compounds is very important in reducing the overpotential for oxidation of organic compounds, when efficient mediated oxidation of organic fuels is to be obtained for a more efficient fuel cell design.
